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Abstract 
Only using biodegradable polymers is possible to develop new regenerative concepts for implantable biomedical devices, to be 
used in tissue engineering, where the biomaterials will temporarily replace the biomechanical functions, and these will be gradually 
transferred to the neo-tissue formed over the scaffolds, while the materials will degrade and ultimately erode and be assimilated by 
the host tissue. These types of scaffold concepts find many applications, in the market or under study, for the regeneration of non 
vascular tissues, such as cartilage, vascular stents, ligaments, etc. However, there still is a lack of design and dimensioning tools 
for these devices and methods to predict and simulate the mechanical behavior during hydrolytic degradation. Many times, the 
convergence to an optimal solution is obtained by iterative “trial and error”, becoming a costly project. It is common to use Finite 
Element Methods (FEM) in problems with complex geometries and boundary conditions, enabling the simulation of the 3D 
mechanical behavior of the device in the initial step of degradation. In the ambit of this context, the main scope of this work is to 
review the current methodologies able to simulate the mechanical behavior in biodegradable polymers, during several steps of 
degradation. Hence, the convergence to an optimal solution can be obtained computationally, through material models implemented 
in a FEM software package, such as ABAQUS. Ideally, the device should degrade its mechanical properties compatibly with the 
required life cycle and according to the regeneration time of the biologic tissue.  
Therefore, in this work the equations commonly used to describe the diffusion of water and hydrolysis kinetics will be reviewed. 
Furthermore, constitutive models commonly used to predict the mechanical behavior of polymers are also reviewed. Due to the 
nonlinear nature of the stress vs. strain relation, the classical linear elastic model is not valid for simulation under large strains. 
Current designs of biodegradable devices are carried out by considering hyperelastic or elastoplastic behavior and neglect any 
changing on the mechanical behavior with degradation. Concomitantly to its nonlinear nature, the mechanical behavior of 
polymeric materials is also time dependent. The mechanical behavior of polymers, under large deformations and dynamic loading 
at varying strain rates, is a combination of elastoplastic behavior, typical of metals, and a viscous behavior typical of fluids. 
Different combinations of hyperelastic, plastic and viscous models can be used to describe their mechanical behavior. Since this 
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mechanical behavior will evolve during degradation, recent approaches that will be reviewed in this work, enable to associate the 
evolution of material model parameters with the hydrolysis kinetics and therefore simulate the mechanical behavior of 
biodegradable structures during its hydrolytic degradation. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of IDMEC-IST. 
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1. Introduction 
The prediction of the mechanical behavior of biodegradable polymeric devices is complex, because not only the 
mechanical properties evolve during degradation, but also due to the nonlinear nature of the stress vs. strain relation 
of these materials that cannot be modelled using the classical linear elastic model for simulation under large strains. 
Current designs of biodegradable devices are carried out by considering elastic or elastoplastic behaviour and neglect 
any changing on the mechanical behaviour of the device with degradation [1]. For many biomedical applications, the 
biodegradable polymeric structures are submitted to cyclic loading above the elastic limit. Hence, they are prone to 
accumulate plastic strain at each cycle, which may lead to laxity and consequent failure. For instance, Grabow et al. 
[2] showed that significant creep of polylactides under a constant load leads to strain accumulation and premature 
collapse. Concomitantly to its nonlinear nature, the mechanical behavior of polymeric materials is also time dependent 
[3]. Under low strain rates, the mechanical behavior is viscous and, under high strain rates, it becomes brittle elastic 
[3]. Thus, the polymeric mechanical behavior should be modelled by different constitutive laws, considering the strain 
rate range of interest [4, 5]. For example, Soares [6] and Grabow et al. [2] confirmed the nonlinear viscoelastic 
characteristics of PLA. The mechanical behavior of biodegradable polymers is also known to exhibit hysteresis, i.e. 
energy dissipation in form of heat upon cyclic loading, as shown by Vieira et al. [7]. Therefore, time-dependent 
constitutive models are required to simulate such phenomena. To consider time dependency, dissipative elements 
represented by time inhomogeneous relations must be used in the model formulation. The main limitation time-
independent constitutive models is that they are unable to capture the mechanical behavior dependence on the strain 
rate. On the other hand, elastic, hyperelastic or viscoelastic models are unable to capture plastic strain accumulation, 
which is important to predict laxity. The mechanical behavior of polymers, under large deformations and dynamic 
loading at varying strain rates, is a combination of elastoplastic behavior, typical of metals, and a viscous behavior 
typical of fluids. Different combinations of hyperelastic, plastic and viscous models can be used to describe their 
mechanical behavior. Therefore, the use of complex viscoplastic constitutive models is needed to simulate more 
precisely the mechanical behavior under large strains and larger range of loading spectrums. More complex models, 
which can simulate the nonlinear viscoelastic, viscoplastic and hysteretic response of polymers, can be found in 
literature [3, 8-16]. They are based on the concept of networks, combining elastic, sliding and dissipative elements, 
based on the Boltzmann superposition principle, in order to simulate the time-dependent response of the material. 
However, those models are only able to simulate the initial mechanical behavior of polymers, neglecting changes in 
the properties of the material during the hydrolytic degradation process. 
All biodegradable polymers contain hydrolysable or oxydable bonds. This makes them sensitive to moisture, heat, 
light and also mechanical stress. These different types of polymer degradation can be presented alone or combined, 
working synergistically to the degradation. Usually, the most important degradation mechanism of biodegradable 
polymers is chemical degradation via hydrolysis or enzyme-catalysed hydrolysis [17]. It is well known that the 
mechanical behavior will evolve during time, due to hydrolytic chain scission in the polymeric macromolecules. The 
reduction of molecular weight is linked to this evolution in mechanical response of biodegradable polymers. Ductility, 
toughness and strength of the material decay during hydrolytic degradation. Exploratory experiments in degradation 
media models, that represent the service conditions, can be carried out as a preliminary step to assess the performance 
of a biodegradable device design. However, such studies represent a costly method of iterating the device 
dimensioning. Many examples of this kind of design challenge can be found in the medical field. It is possible to find 
only few scientific contributions in the literature about modelling of the mechanical behavior of biodegradable 
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
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polymers during the hydrolytic degradation process, where the kinetic models of hydrolysis are combined with 
material constitutive models. The concept behind these approaches is to change the material model parameters of 
constitutive models as function of a scalar field, which represents the hydrolytic degradation and the correspondent 
chemical damage, inducing the changes of the mechanical behavior. Those approaches are based on hyperelastic 
models [6, 18], or on quasi-linear viscoelastic models [19], or on viscoplastic models [20, 21]. 
1.1. Hydrolytic damage  
Hydrolytic damage is a time-dependent cumulative irreversible process due to the hydrolytic cleavage of polymeric 
molecules. The macromolecular skeleton of many polymers comprises chemical bonds, such as ester groups, that can 
go through hydrolysis in the presence of water molecules. The intrusion of water then triggers the chemical reaction, 
leading to the chain scission of molecules and the creation of oligomers. The diffusion rate of water into the material 
can be described by Fick’s Second Law, presented below for one dimension [18], valid for isotropic polymers:  
2
2
dx
wD
dt
dw ∂
=    (1)
where w is the water concentration and x is the position (in thickness or radius). The diffusion coefficient D can be 
determined by inverse parameterization, measuring the increase in weight due to moisture absorption during 
incubation, on samples with two different diameters. In many cases, water diffusion on biodegradable polymers is 
very fast compared to water-mediated hydrolysis. Therefore, water can be assumed to be uniformly distributed within 
the polymer from the beginning of the erosion process, and hydrolysis promotes homogeneous bulk erosion [18]. This 
assumption is reasonable for small thickness devices or porous structures.  
Hydrolysis kinetics has traditionally been modelled using a first order equation based on the kinetic mechanism of 
hydrolysis, according to the Michaelis–Menten scheme [22]. According to Farrar and Gilson [23], a first-order 
equation describes the hydrolytic scission process. Each polymer molecule, with its own carboxylic and alcohol end 
groups, is broken in two, randomly in the middle at a given ester group. So, while the molecules are being splited by 
hydrolysis the number of carboxylic end groups will increase with degradation time:  
uckewc
dt
dc
==    (2)
where c is the concentration of carboxyl end groups, e is ester concentration, k is the hydrolysis rate of the material 
and u=kew is the hydrolysis rate constant, usually assumed constant in the early stages of the reaction, till about 50% 
of hydrolytic damage (or 50% of strength loss) [18]. Hydrolysis rate k is affected by the temperature or mechanical 
stress, as well as by the degradation media used. The influence of the mechanical environment in the degradation rate 
has been reported in literature [24, 25]. Similarly to temperature, stress applied during the degradation process also 
increases the probability of bond scissions, and consequently increases the degradation reaction rate constant k. Hence, 
in many cases, it can be assumed that the hydrolysis rate k is constant over time due to constant temperature, load (i.e. 
constant stress field during degradation) and degradation media. In addition, as discussed above, water can be 
considered in many cases uniformly spread in the sample volume from the beginning of hydrolysis (no diffusion 
control). In this early stage of erosion, when mechanical strength reduces significantly, the concentration of ester 
groups, e, located at the backbone chains is nearly constant. Despite of the scissions, which occur randomly in the 
ester groups, the macromolecules remain large, with many ester group at the backbone chains [26]. For these reasons, 
considering all this assumptions, the degradation rate, u=kwe, may be considered constant during the degradation 
process along the volume. If these assumptions are not valid, it is possible to consider that the degradation rate u is a 
local internal variable, which varies along the volume and must be calculated at each material point and at each 
biodegradation time increment. 
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Using the number-average molecular weight, Mn, and since the concentrations of carboxyl end groups are given by 
c=1/Mn, the evolution of molecular weight can be described by:  
ut
nn eMM t
−
=
0
   (3)
where Mnt and Mn0, are the number-average molecular weight at a given time t and initially at t=0, respectively. In 
a previous work [18] it was found that strength follows the same trend as the molecular weight. Therefore, in that 
work the hydrolytic damage dh was defined by the ratio between the initial molecular weight (or strength) of the virgin 
material and the current molecular weight (or strength), after a certain degradation time, and it depends on the 
degradation rate (u) and the degradation time (t):  
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where ɐt and ɐ0, are the strengths at a given time t and initially at t=0, respectively. 
1.2. Constitutive models 
A wide variety of material behaviours are described with a few different classes of constitutive equations, which 
establishes a relationship between the response of a body (for example, strain state) and the stress state due to the 
forces acting on the body. Given the non-linear nature of biodegradable polymers, classical models such as the Neo-
Hookean and Mooney-Rivlin models, for incompressible hyperelastic materials, may be used to predict mechanical 
behaviour until rupture of non-degraded PLA [27, 28]. These models are useful to simulate the monotonic response 
of the biopolymeric device, even at different stages of degradation. In a previous work [18], based on monotonic 
tensile test results during degradation, hyperelastic models were used for the different steps of degradation. The 
material model parameters were calibrated by inverse parameterization for different degradation times, or levels of 
hydrolytic damage. This approach has enabled to combine the kinetic of hydrolysis with hyperelastic constitutive 
models, and to simulate the monotonic tensile test of a specimen at different degradation stages. In the methodology 
developed in previous works [18, 29], the first material parameter of the studied models varies linearly with the 
hydrolytic damage, dh. The implementation of this methodology in ABAQUS is detailed in [29]. 
In many cases, the biodegradable scaffolds are submitted to cyclic loading that may lead to stress above yielding.  
Hence, they are prone to accumulate plastic strain at each cycle, which may lead to laxity and consequent premature 
failure of the device. However, hyperelastic models are unable to capture this plastic strain accumulated after 
unloading. For this reason, this manuscript discusses two material models used to simulate the mechanical behavior 
of biodegradable scaffolds and able to predict this plastic strain. To simulate the mechanical behavior of a 
biodegradable material, during degradation time and considering hydrolytic damage, one elastoplastic and one 
viscoplastic models are compared. On one hand, the elastoplastic models can simulate the time-independent non-
linear response, which corresponds to the relaxed configuration. These models include at least one sliding element in 
its formulation. Therefore, the loading and unloading paths do not coincide. Hence, after unloading, the material 
returns to a relaxed configuration, which includes some plastic strain. In the present work, the classic bilinear isotropic 
hardening model is used to simulate the mechanical behavior of two biodegradable polymers during its hydrolytic 
degradation. This simple model, frequently referred as J2 flow theory, has only four (4) material model parameters, 
namely the Young’s modulus E, the Poison’s ratio Ȟ, the yield stress ıy and the linear hardening rate H. On the other 
hand, the computational approach proposed by Vieira et al. [21], using the modified Bergstrom-Boyce viscoplastic 
model to simulate the mechanical behavior of PLA-PCL fibers during hydrolytic degradation, enables to simulate to 
simulate the time-dependent response. In fact, this is a far more complex model, having nine (9) material model 
parameters and the mathematical details of this approach can be found in Vieira et al. [21]. These two constitutive 
models are compared in terms their simplicity, and ability to simulate the time-dependent mechanical behavior and 
the plastic strain accumulation at each loading cycle. 
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2. Materials and Methods 
2.1. Experimental tests  
Suture fibers of a blend of polylactic acid and poly-caprolactone (PLA-PCL), with 400 ȝm in diameter were 
provided by Chirmax. Test specimens of 100 mm long were cut for each experimental set. The fiber specimens were 
placed in 50 ml test tubes and submitted to different degradation steps (0, 2, 4 and 8 weeks) under phosphate buffer 
solution (PBS) at constant temperature (37 ƕC). Then, specimens were dried (24 h in incubator at 37 ƕC) at the end of 
each degradation step. Finally the specimens were monotonically quasi-static tensile tested under displacement rate 
of 250 mm/min in a universal testing machine (TIRAtest 2705) using a load cell of 500 N and grips commonly used 
in fiber testing. The distance between the machine test grips was set to 50 mm. These tensile tests were used to calibrate 
the material models parameters for each degradation step. The experimental results until rupture can be found in 
previous publications [7, 18]. Furthermore, monotonic tensile test at two different strain rates (15 and 500 mm/min) 
and quasi-static unloading-reloading tensile tests at three different stress levels were performed on non-degraded fibers. 
These results have been compared to the predictions of both models.  
2.2. Calibration of the material models parameters 
Based on the experimental results (the average of three tests), inverse analyses to identify the parameters of the 
model were carried out by using MCalibrationTM software (from Veryst Engineering). The calibration technique used 
to minimize the difference between the experimental results and the model predictions was the Nelder-Mead method. 
A parametric study for all parameters enabled to identify the most sensitive parameters of each material model, 
regarding the prediction of the experimental results. After determining the most sensitive parameters for each 
degradation step, they were fitted by linear regression as function of the hydrolytic damage dh(t,u).  
3. Results 
3.1. Monotonic tensile test predictions via bilinear isotropic model 
In the case of bilinear isotropic model, it was verified that the Young’s modulus E, the Poison’s ratio Ȟ and the 
yield stress ıy remain constant during degradation (2300 MPa, 0.4 and 100 MPa respectively). This result is in 
accordance with experimental observations, i.e. the initial linear region of the stress-strain curve remains unchanged 
during degradation, and the main differences between the curves are above yielding. Then, the linear hardening rate 
H was determined by calibration for each degradation step. Finally, the estimated values were fitted by linear 
regression as function of the degradation damage dh(t,u). In the Fig. 1, it is possible to observe that the linear hardening 
rate H decreases nearly linearly as function of the hydrolytic damage. Based on this linear equation to estimate the 
linear hardening parameter H(dh), the response to a monotonic tensile test of the PLA-PCL was predicted for different 
degradation steps. The results are shown in Fig. 2. The predicted results of monotonic tensile tests until rupture, using 
the bilinear isotropic model and considering different stages of hydrolytic degradation show a good correlation 
(coefficient of determination R2 is above 0.96). 
Fig. 1. Evolution of the linear hardening rate H during hydrolytic degradation. 
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Fig. 2. Experimental results of monotonic tensile test at 250 mm/min and predictions via bilinear isotropic model of PLA-PCL fiber after: a) zero 
weeks, b) two weeks, c) four weeks and d) eight weeks of hydrolytic degradation. 
In the Fig. 3a), it is possible to observe that the elastoplastic model was unable to simulate the time-dependent 
response of the PLA-PCL. By using two loading cases in the calibration procedure, corresponding to two displacement 
rates (500 mm/min and 15 mm/min), the coefficient of determination R2 was far from 1(one), and the predicted 
mechanical behavior is the same independently of strain rates. In the figure 3b), it is verified that the elastoplastic 
model was also unable to simulate the hysteric loop, commonly observed in polymers. However, this simple model 
was able to predict very accurately the plastic strain accumulated at each cycle (R2 was 0.97). 
Fig. 3. Experimental results of a) monotonic tensile test at two strain rates (500 and 15 mm/min) and b) cyclic tensile test of a biodegradable 
polymer (PLA-PCL), and prediction via linear isotropic hardening model. 
a) b)
a) b) 
c) d) 
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3.2. Monotonic tensile test predictions via Bergström-Boyce model 
In the case of Bergstrom-Boyce model, the shear modulus µ and the flow resistance Ĳbase are the most sensitive 
parameters, while the predicted results are almost insensible to deviations of 10% of the other parameters, as shown 
by Vieira et al. [21]. It was observed that shear modulus µ decreases nearly linear as function of the hydrolytic damage, 
i.e. hydrolytic degradation process softens the polymers. On the order hand, it was found that the flow resistance Ĳbase
increases nearly linearly with the hydrolytic damage. Then these two most sensitive parameters were fitted by linear 
regression as function of the hydrolytic damage dh(t,u), while the other parameters were set constant during the 
hydrolytic degradation process, assuming averaged values identified from the different hydrolytic degradation steps. 
Thus, the mechanical behavior of the polymer was predicted based on these linear equations for the shear modulus 
µ(dh) and the flow resistance Ĳbase(dh), considering the other material model parameters values previously set constant 
during hydrolytic degradation. Finally, the predictions were compared against the experimental results for different 
degradation steps. As reported in the previous work [21], the coefficient of determination R2 was above 0.98. On the 
order hand, the Bergström-Boyce model, unlike the elastoplastic model, was able to simulate the time-dependent 
response of the polymer and to predict very accurately the mechanical behavior of the polymer at these two different 
strain rates (15 and 500 mm/min). Furthermore this model was also able to simulate the hysteric loops. By using  the 
same cyclic unloading-reloading and monotonic loading cases in the calibration, the coefficient of determination R2
was still very close to 1(one).   
4. Conclusions 
The approach presented in this work, where material models parameters are modified according to hydrolytic 
degradation, allows the four-dimensional modelling of biodegradable scaffolds, where the fourth dimension is the 
time. Since these constitutive models can be implemented in commercial finite element software, the presented 
approach, for which some material model parameters depend on the hydrolytic damage, enables the simulation of the 
mechanical behavior of a biodegradable scaffold during its hydrolytic degradation. This way, the morphology of the 
scaffold can be optimized in terms of its functional compatibility, by comparing different solutions in a virtual 
environment. The degradation profile should be compatible with the tissue regeneration. However, the tissue 
regeneration is an estimation and it varies from one patient to another. Furthermore, the investigated models enable to 
estimate the laxity of the scaffold due to plastic strain accumulation at each loading cycle, which depends on the cyclic 
load level. Therefore, it is theoretically possible to pre-validate the functional compatibility of the device and avoid 
excessive laxity and consequent failure of the scaffold mechanical function. Hence, the discussed approach can 
provide new insights to a rational design of biodegradable scaffolds according to mechanical and durability 
requirements. 
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